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Abstract
The implementation of optical quantum gates comes at the cost of incorpo-
rating a source of nonclassical light, which suffers from a low flux of pho-
tons, and thus, long acquisition times. Quantum-mimetic optical gates com-
bine the benefits of quantum systems with the convenience of using intense
light beams. Here, we are concerned with the classical implementation of
a controlled-SWAP (c-SWAP) gate using the tools of structured light. A
c-SWAP gate is a three-qubit gate, where one of the input qubits controls
the exchange of information between the other two qubits. We use Laguerre-
Gauss beams to realize the c-SWAP gate and demonstrate one of its primary
applications: the comparison of two signals without revealing their content,
i.e., a simultaneous message-passing protocol. We achieve signal-comparison
measurements with modulation speeds of kHz using a digital micromirror
device as a spatial light modulator. Our system is capable of performing
dynamic error analysis and a normalization procedure, which overcomes the
necessity of data postprocessing and largely reduces comparison times.
1 Introduction
In a simultaneous message-passing (SMP) protocol, two parties (e.g., Al-
ice and Bob) send a message to a referee, who has the task of comparing
both messages and outcomes their similarity, without exposing their content.
The protocol has applications in quantum communications. For instance,
Buhrman et al. used it to demonstrate quantum fingerprinting [1], where
Alice and Bob codify their messages in shorter strings called fingerprints by
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using quantum states [2, 3]. In comparison with classical fingerprinting, the
quantum variant reduces the amount of information needed to codify the
message [4]. The improvement grows exponentially with the length of the
original message.
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Figure 1: SWAP test circuit to determine the similarity between the states
|ψ〉 and |ϕ〉. H is the Hadamard gate.
Data exchange and data comparison are desirable operations to incorpo-
rate in an optical communication system. Recently, Urrego et al. [5] experi-
mentally demonstrate a quantum-inspired controlled-SWAP (c-SWAP) gate,
also called the Fredkin gate [6], which is a fundamental building block to
realize an SMP protocol. The c-SWAP gate is a three-qubit gate, where the
state of one of the qubits determines the swapping of the other two qubits.
This gate is also important for the development of quantum computers [7].
Current realizations of the c-SWAP gate include optical [8, 9, 10], quantum-
optical [11, 12], atomic [13], biological [14], and solid-state systems [15].
The c-SWAP gate in Urrego’s implementation uses structured light in
the form of optical vortices (e.g., Laguerre-Gauss or Bessel beams [16, 17]).
The helicity of the optical vortices (right-handed and left-handed) distin-
guishes between Alice and Bob. The method encodes information in the
complex amplitude carried by the spatial modes (akin to quadrature am-
plitude modulation), allowing phase- and amplitude-encoding. It employs
light’s polarization to swap the helicity of the vortices (thus, mimicking the
swapping of information).
The realization of optical communication systems using optical vortices
has been demonstrated by several proof-of-concept experiments working in
free-space and optical fibers [18, 19, 20]. Similar to other degrees of freedom,
such as wavelength, complex amplitude, and polarization, we can exploit
optical vortex multiplexing to enhance the bit transfer rate [21]. The first
experiment to demonstrate this concept was reported by Wang et al. [19].
They developed a free-space communication system capable of transferring
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information in the order of Gbit/s.
In this work, we go one step further to the actual implementation of an
SMP protocol using optical vortices. We focus our attention on the referee,
who has the task of comparing both signals without revealing their content.
Our referee consists of a c-SWAP test circuit: two Hadamard gates plus a c-
SWAP gate. Figure 1 shows the quantum circuit implementing the c-SWAP
test. The inputs (Alice and Bob) are the states |ψ〉 and |ϕ〉. The control
qubit enters in the |0〉 state. The Hadamard gates (H) transform |0〉 into
(|0〉 + |1〉)/√2, and |1〉 into (|0〉 − |1〉)/√2. The SWAP is the operation
|ψ〉|ϕ〉 → |ϕ〉|ψ〉, which is activated if the control qubit is in the |1〉 state. At
the end of the test, the control qubit is measured. After tracing through the
execution of the operators, the probability of detecting the control qubit in
the state |0〉 results (1 + |〈ψ|ϕ〉|2)/2. Hence, the outcome |0〉 has probability
1 if the states are equal. If the states are different, both outcomes |0〉 and |1〉
are possible. Therefore, if we measure |1〉, we know for sure that the states
are different, but if we measure |0〉, the decision is uncertain. Alternatives
methods to realize the referee’s task can be found in the references [22, 23, 24].
Urrego’s experiment incorporates a referee that requires bit-by-bit com-
parisons and postprocessing the measurements. In addition to the long ac-
quisition times, the experiment exposes the content of each message. Here,
we experimentally demonstrate a real-time SMP protocol by incorporating
encoding speeds that overcome the detector’s integration times, which allows
us to compare both messages in a single detection cycle. For such a task,
we use a digital micro-mirror device, which allows high-speed spatial light
modulations [25]. We also realize a trigger-free detection scheme, which helps
to isolate the detector from the laser source. This scheme devises an error-
correcting method that reduces the loss of information when the messages
arrive between two detection cycles.
Section 2 describes the theory of our classical c-SWAP test using optical
vortices and time-bin multiplexing. Section 3 details the experimental im-
plementation. Section 4 explains the analysis and the design of the messages
to realize a trigger-free detection scheme and an effective normalization pro-
cedure. Section 5 shows the experimental results. Finally, the last section
discusses possible improvements and variations to our method.
3
2 The c-SWAP test using optical vortices
An optical vortex has two distinct characteristics: i) it carries orbital angular
momentum (OAM), and ii) it has a helical wavefront comprising a phase
singularity and a null intensity in its optical axis [26]. Our idea consists of
using OAM beams as information carriers, where their helicity (positive or
negative) differentiate the two senders. Alice’s message is carried by positive
OAM modes, whereas Bob’s message is carried by negative OAM modes. The
information is codified in the complex amplitude accompanying each mode.
The beam polarization constitutes the control qubit, where two orthogonal
states of polarization represent the |0〉 and |1〉 states of the quantum version.
SWAP
Polarization Measure
Alice
Bob
H H
1 1 010 10 0
1 1 010 10 0
Figure 2: Classical c-SWAP test circuit using optical vortices. H stands for
Hadamard gate. SWAP is the c-SWAP gate. Alice’s message is encoded in
the complex amplitude of positive OAM modes, whereas Bob’s message is
encoded in OAM modes with negative helicity.
The optical vortices of our choice are Laguerre-Gauss (LG) modes. In a
cylindrical coordinate system with r = (r⊥, z) = (r, φ, z), an LG beam has an
azimuthal phase term exp(imφ), and contains OAM equal to m~ (where the
mode index m = 0,±1,±2, . . . is the topological charge, and ~ is the reduced
Planck’s constant). In the waist plane z = 0, the complex amplitude of a
single-ringed LG beam (i.e., with radial index equals 0) is written as
LGm(r⊥) = Cm
(
r
w0
)|m|
exp
(
− r
2
w20
)
exp(imφ). (1)
The constant amplitude Cm normalizes the beam power so that
∫∫
rdrdφ|LGm(r⊥)|2 =
1. The scaling factor w0 is the beam waist. In our protocol, the two
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senders are LG spatial modes with positive and negative indexes. Modes
with positive index correspond to sender 1 (Alice) and modes with negative
m correspond to sender 2 (Bob). Owing to their natural orthogonality (i.e.,∫∫
rdrdφLG∗m1(r⊥)LGm2(r⊥) = δm1,m2), LG beams can be used to increase
the transmission capacity through multiplexing independent data channels.
Here, a channel refers to an electromagnetic wave whose properties remain in-
dependent from other channels during propagation [27]. We allow the senders
to communicate by using multiple channels.
Figure 2 shows the classical circuit to realize a c-SWAP test using optical
vortices [5]. The information of sender 1 is encoded into N channels with
complex amplitudes Am, and the information of sender 2 is similarly encoded
into N complex amplitudes Bm. The amplitude of the electric field entering
the circuit is
E(r⊥) =
N∑
m=1
[AmLGm(r⊥) +BmLG−m(r⊥)] xˆ,
=
N∑
m=1
[Amum +Bmvm] xˆ. (2)
Notice that the protocol does not contain the zeroth-order channel (m ≥
1). xˆ corresponds to the horizontal polarization state (whose orthogonal
polarization is yˆ). The Hadamard operation, which consists of a half-wave
plate, transforms the input polarization state xˆ to a diagonal state with
polarization (xˆ+ yˆ)/
√
2, and transforms the orthogonal polarization state yˆ
into (xˆ − yˆ)/√2. To simplify the notation, um and vm describe LG beams
with positive and negative mode indexes, respectively [see the second line of
Eq. (2)].
It is well-known that a single reflection by a mirror reverses the sense of
an optical vortex, i.e., m → −m [28]. We control the SWAP operation by
reflecting the beam by an even or odd number of times if the polarization
state is xˆ or yˆ, respectively. For example, if the light beam entering the
c-SWAP has vertical polarization, and contains two senders each carrying
one channel, i.e., E = (A1u1 +B1v1) yˆ, the c-SWAP operation produces
A1u1 +B1v1 −→ B1u1 + A1v1, (3)
which is equivalent to swapping the information between senders (notice that
u−1 = v1 and v−1 = u1). On the other hand, if the input beam is xˆ-polarized,
the c-SWAP realizes the identity transformation.
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The transformations of the input field in Eq. (2) through the SWAP test
circuit shown in Fig. 2 are the following:
Input−−−−−−→ ∑Nm=1 [Amum +Bmvm] xˆ, (4)
Hadamard1−−−−−−→ ∑Nm=1 [Amum +Bmvm] xˆ+yˆ√2 , (5)
c-SWAP−−−−−−−→ ∑Nm=1 [Amum +Bmvm] xˆ√2
+
∑N
m=1 [Bmum + Amvm]
yˆ√
2
, (6)
Hadamard2−−−−−−→ ∑Nm=1(Am +Bm)(um + vm) xˆ2
+
∑N
m=1(Am −Bm)(um − vm) yˆ2 . (7)
At the end of the SWAP test circuit, we measure the output powers of
each polarization component, which results in
Px =
1
2
N∑
m=1
|Am +Bm|2,
Py =
1
2
N∑
m=1
|Am −Bm|2. (8)
By observing the above equations, we can conclude that if Alice and Bob
send the same message (i.e., ∀m,Am = Bm), we would measure Py = 0 and
Px would be equal to the input power Pin (since Px +Py = Pin). For the case
when both messages are completely different (i.e., ∀m,Am 6= Bm), the result
for Px and Py depends on the possible values of Am and Bm.
We choose phase encoding to realize a binary system using phases 0 and pi
and unitary amplitudes. Hence Am,Bm have two possible values ±1 (a mul-
tilevel digital system can be implemented by assigning more phase values).
In this agreement, if both messages are different then Am = −Bm, and we
would measure Px = 0 and Py = Pin. We notice that Eq. (8) is reminiscent of
the Bhattacharyya coefficient [29], which is a measure of how distant are two
probability distributions. These results corroborate the main objective of the
SWAP test: to measure the similarity between Alice’s and Bob’s messages
without revealing their content directly.
For further understanding of the last statement, let us assume that when
comparing the two messages we find n identical bit pairs. We define the
overlap as the percentage of similarity between the two messages as
Overlap = (n/N)× 100 %, (9)
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where N is the total number of bits on each message. We remark that the
similarity fraction n/N is not a measure of the ”distance” between quantum
states as stipulated in the quantum version of the SWAP test [24]. However,
in a classical system, we consider this number a practical indicator of simi-
larity between digital signals. In order to compute a quantity related to the
similarity fraction n/N , we define the factor γ following reference [5] as
γ =
Py − Px
Py + Px
= − 2
∑N
m=1 Re [AmB
∗
m]∑N
m=1 (|Am|2 + |Bm|2)
. (10)
By considering our binary system with values of ±1, this γ factor reduces to
γ = 2(n/N)− 1. (11)
Therefore, γ is linearly related to the similarity fraction n/N . So γ is equal
to −1 for 0% of similarity (n = 0), and γ = 1 for 100% of similarity (n = N).
Furthermore, by considering that Px +Py is constant and equal to the input
power Pin, we can express γ in Eq. (10) as
γ = 2(Py/Pin)− 1. (12)
By comparing Eqs. (11) and (12), it is clear that Py = (n/N)Pin. Thus, we
only require to measure Py to determine the similarity between the signals.
It is true that by measuring both output powers Px and Py we can correct
power fluctuations of the laser source. Here, however, we apply an active
calibration procedure that takes into account errors coming from the laser
instabilities, detector efficiency and misalignment.
Additional to OAM multiplexing, we can also consider time-division mul-
tiplexing, which consists of dividing the integration time of the detection
system into different segments called time bins. Each time bin carries a field
of the form given by Eq. (2). Assuming N OAM channels and B time bins,
each message contains N × B digits per integration time. Let us consider
that Alice and Bob messages consist of N × B digits per integration cycle.
The output powers after the SWAP test circuit are now
P x = η
B∑
k=1
N∑
m=1
|Am,k +Bm,k|2, (13)
P y = η
B∑
k=1
N∑
m=1
|Am,k −Bm,k|2. (14)
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The labels (m, k) indicates the m-th OAM channel and the k-th time bin. η
is a factor that takes into account the duration of the time bin ∆T , efficiency
of detectors, and losses of the setup.
The overall degree of overlap γ is
γ =
P y − P x
P y + P x
=
∑B
k=1(Py − Px)
BPin
=
∑B
k=1 γk
B
. (15)
In a binary system with possible values of ±1, γ can be written as
γ =
∑B
k=1[2(nk/N)− 1]
B
=
2(n/N)−B
B
= 2
(
n
NB
)
− 1. (16)
n is the total number of bit pairs that are equal considering each message has
a total number of bits N×B. Therefore, n/NB is the new similarity fraction
between the messages. As previously, since P x + P x = P in is constant, we
can write
γ = 2
(
P y
P in
)
− 1. (17)
We notice that now, we can still measure the similarity fraction using
a single detector for the y polarization component. However, we need to
measure the integrated power P x + P y = P in (the power integrated over all
time bins). In order to find this integrated power without using the second
detector, we consider a reference signal. This reference signal corresponds
to the case where Am,k = Bm,k, therefore P x = 0 and P y = P in. We
also use another reference signal where, ideally, P x = P in and P y = 0.
However, in practice, this minimum value is not achieved, but we use these
two measurements from the reference signals to calibrate the system.
3 Experimental implementation
For this implementation to work, we require a fast light modulator to over-
come the detector’s integration time. Liquid crystal (LC)-based spatial light
modulators (SLMs) are typically used to shape laser beams into optical vor-
tices. However, their low frame rate (∼Hz) represents a limitation for high-
speed applications. Digital micro-mirror devices (DMDs) have emerged as a
solution to this problem [30], offering frame rates of KHz. Here, the DMD
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is the key element for implementing the SMP protocol. We use it for beam
shaping and time-division multiplexing.
Our SWAP test implementation uses a Mach-Zehnder (MZ) interferom-
eter. It has been shown that the angular sensitivity in the interference of
vortex beams scales linearly with the topological charge [31]. Even with
our calibration procedure, we found our interferometer to be highly sensi-
tive when considering up to three OAM channels per sender. In fact, this
issue also limits Urrego’s implementation in reference [5], where they only
consider a maximum of two OAM channels. Consequently, we only consider
time-division multiplexing using one OAM channel per sender. In addition,
to adopt the formulation presented in section 2, we consider a binary system
where the complex amplitudes A1, B1 can have values of ±1.
Let us also note that this experimental demonstration requires two types
of detectors: a slow and a fast detector. The slow detector defines the detec-
tion cycle of our SMP protocol, while the fast detector is used to measure the
switching rate of our DMD. For both types of detectors (slow and fast), we
use the same photodiode power sensor (Thorlabs S120C). This sensor has a
time resolution of about 1 µs. Our fast detector consists of the analog output
from this sensor, which is visualized using an oscilloscope. The slow detector
is the digital output, which is visualized using the power meter interface.
The digital output time resolution depends on several factors: the analog-to-
digital conversion rate, the USB transfer rate, and the computer integration
time. After several instances of the experiment (more details in the following
sections), we estimate that the time resolution of the slow detector varies
between 4 and 8 ms, with an average of 5.32 ms.
Considering the above discussion, we set the integration time of our proto-
col to be 5.32 ms. This integration time is called the average-time-gap of the
receiver and is labeled as trg. Since our DMD has a frame rate of fr = 9.5 kHz,
in principle, we can achieve trg × fr ≈ 50 time bins per message, each time
bin lasting about 105 µs.
In order to demonstrate our protocol, we perform the SWAP test for
different values of the overlap between Alice and Bob messages, ranging from
0% to 100% overlap in steps of 10% (giving a total of 11 data points). Instead
of uploading 50 holograms to the DMD for each overlap value (each hologram
corresponds to the superposition of two OAM modes in a single time bin),
we decided to upload all holograms corresponding to the 11 expected data
points. However, this leads us to an additional technical limitation: the DMD
memory allows uploading about 450 holograms. Hence, if we consider 50
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holograms per data point, we would surpass the DMD’s memory capacity. So,
we opted to reduce the number of holograms, thereby reducing the number
of digits per sender.
In conclusion, we consider 40 digits per sender using a modulation rate
of 7.5 kHz. In this manner, a complete experimental trial ends up with 11
data points (each data point corresponds to a single overlap value).
3.1 Setup description
Figure 3 shows a schematic of our experiment. We use a linearly-polarized
He-Ne laser beam (Thorlabs HNL020LB) with wavelength λ = 632.8 nm and
power P = 2 mW. The beam is split directly after the laser by means of a
calcite beam displacer (Thorlabs BD40). The beam displacer is oriented at
45◦ regarding the x-polarization direction, which is chosen parallel to the
optical table. Additionally, we use a linear polarizer (P1) to fine-tune the
splitting to be as close to 50/50 as possible. The beams exiting the beam
displacer have orthogonal polarizations, one is the ordinary polarized (o), and
the other is the extraordinary polarized (e). Those two spatially separated
beams can now be shaped independently by the DMD with two different
holograms. The polarization-independent nature of the DMD enables no
further adjustment of the beam’s polarization.
Figure 3: Experimental setup. (a) P1 and P2, linear polarizers; BD1 and
BD2, beam displacers; DMD, digital micro-mirror device; L1 and L2; lenses;
SF, spatial filter; HWP1 and HWP2, half-wave plates; PBS1, PBS2 and
PBS3; polarizing cube beamsplitters; M1-M5, mirrors; PM1 and PM2, power
meters. (b) Beam intensity, phase distribution and polarization components
at different stages of the experiment.
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The DMD (DLP LightCrafter 6500 manufactured by Texas Instruments)
is an amplitude-only spatial light modulator with a screen resolution of 1920×
1080 pixels [px], and pixel pitch capable of manipulating the beam up to
9.5 kHz. It is mounted on a µm stage in order to displace it at high precision.
Its mount was 3D printed in house. The hologram displayed on the DMD
corresponds to a superposition of two LG modes with opposite topological
charges, simulating the two senders Alice and Bob having one OAM channel
each. The modulated beams pass through a 4f system (lens L1 and L2)
with an aperture (SF) to isolate, and Fourier transform the first diffraction
order. A second beam displacer (BD2) recombines the two beams. The linear
polarizer (P2) passes the x-polarized component.
Up to this point, the beam carries the messages of Alice and Bob, which
are emulated with the DMD, according to Eq. (4). Alice encodes her mes-
sage with left-handed vortices (positive mode indexes m > 0), and Bob with
right-handed vortices (negative mode indexes m < 0). Our control qubit,
i.e., light’s polarization, is in the |0〉-state, corresponding to horizontal po-
larization.
The Hadamard gates consist of half-wave plates (HWP1 and HWP2)
with the fast axis oriented 22.5◦ with respect to the horizontal polariza-
tion. The c-SWAP gate consists of an unbalanced and polarization-sensitive
MZ interferometer. The first polarizing beam-splitter (PBS1) separates the
beam into horizontal (x-polarization) and vertical (y-polarization) polariza-
tion states. The x-polarized [y-polarized] component propagates through
the upper [lower] arm and experiences an even [odd] number of reflections,
which preserves [reverses] the helicity of the optical vortices. The moving
trombone system of mirrors (M1 and M2) in the lower arm compensates the
phase difference between the beams reaching the second PBS (PBS2). The
beam exiting HWP2 goes to the detection stage, which consists of a PBS
and two power meters (PM1 and PM2).
Figure 3(b) shows the beam intensity and phase distribution at the four
main stages of the experiment for the case A1 = B1 in the upper row and
for A1 = −B1 in the lower row, respectively. The first column shows the
beam after the DMD in its two spatially separated polarization states o and
e: pure LG modes with m = ±1. The second column sketches the beam as it
enters the MZ interferometer. The third column shows the beam after the c-
SWAP. Note the resulting reflection in the phase distribution for the vertical
polarization, which propagates through the lower interferometer arm and is
subject to the OAM swap. The fourth column shows the beams intensity
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and phase distribution after the second Hadamard gate (HWP2).
3.2 Frequency determination
One of the power meters from the experimental setup is connected to an os-
cilloscope to determine the DMD’s frequency modulation. A similar method
appears in reference [25]. We display two holograms on the DMD in a con-
tinuous mode, switching between those two without an offset. First of the
displayed holograms was the one generating a superposition of LG modes,
the second hologram corresponds to the pause hologram, which redirects the
beam outside the setup, resulting in a dark signal (no light detected). Fig-
ure 4 shows a schematic of the method. According to the schematic, the
DMD frame rate is 2/T , where T is the time separation between two max-
ima (notice that the zero detected power is equal to the pause hologram). An
actual photo of the oscilloscope measurement appears in the next subsection
(see Fig. 5).
Figure 4: This schematic sketches the method we used to determine the
modulation rate of our DMD. Switching between the LG-±m-hologram and
the pause-hologram one gets a signal in the shown form and can calculate
the time-difference T between two same holograms which then enables to
calculate the effective exposing time of one hologram and from that the
frequency of the DMD.
3.3 Preliminary adjustments
In order to check that the setup is aligned and ready to perform the SMP
protocol, we have to ensure that we get opposite power maxima in the x
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and y outputs, for the cases where A1 = B1 and A1 = −B1. We expect a
maximum in x- polarization and a minimum in y-polarization for the case
A1 = B1, while for A1 = −B1 the measurement must result in a minimum in
x-polarization and a maximum in y-polarization. To check if we are ready
to measure, we alternately display the two holograms, i.e., the hologram
generating the LG-beam superposition with A1 = B1 and the hologram
for A1 = −B1. Each hologram is exposed for ∆T = 1000 µs. Doing so,
we expect alternating maxima and minima in both power meters (PM1,
PM2). If PM1 measures the power in x-polarization and PM2 the power in
y-polarization, we expect a maximum in PM1 and a minimum in PM2 for
the holograms with A1 = B1 and vice versa for A1 = −B1.
Figure 5 shows a photo of the oscilloscope during this interference test.
We can see that when PM1 has a maximum PM2 has a minimum and vice
versa, which means that the setup is well-aligned and we can start to measure.
Note that the frequency determined by the oscilloscope equals 500 Hz, which
matches the expectation when exposing the holograms for 1000 µs. It takes
2000 µs to get back from the hologram A1 = B1 to itself, and therefore the
frequency found is 500 Hz. However, the modulation rate of the DMD is
double.
Figure 5: Preliminary adjustments. PM1 and PM2 voltage for alternating
holograms (A1 = B1 and A1 = −B1). In this example, the exposure time
of each hologram is 1000 µs. Notice that the frequency detected by the
oscilloscope (500 Hz) is half the frame rate of the DMD (1 kHz).
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4 Design, analysis and processing
The overall most challenging task of the experiment is the designing of a
measurement protocol that fitted our given measurement devices. We work
with a continuous laser beam and not a pulsed laser. Thus the measuring
and sending of our signal cannot be triggered simultaneously; in other words,
it cannot be synchronized. This leads to the issue that the integration time
of our receiver (which we call the time-gap-receiver trg), i.e., the referee in the
form of the power meters (PM1 and PM2), does in general not align with the
sending time of Alice and Bob (which we call the time-gap-sender tsg). Alice
and Bob start to send their encoded message at the same time. The message
is sent bit by bit over the time interval tsg, while the referee measures one
data point per trg.
Figure 6: Variation of the detected power over one minute time interval.
Data taken from the power meter computer interface, which are analyzed
and displayed using a custom Python script.
4.1 Time-gap conditions
Two conditions have to be achieved to ensure that one single data point
represents one entire message-comparison measurement:
(a) tsg
!
= trg, the sender and receiver time-gap have to be equal. While the
time-gap of the receiver trg is not changeable, we can adapt the time-
gap of the sender tsg by changing the exposure time of the holograms
representing the message-bits. Therefore, the first step is to determine
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trg, which is obtained by analyzing a random data set. We found that
trg varies between 4 and 8 ms, with an average of 5.32 ms. Also, the
measurement devices have the following information:
• Powermeter S120C from Thorlabs: resolution < 1 µs.
• Powermeter console PM100A from Thorlabs: data point is con-
verted to digital value ≈ every 0.3 ms.
• USB transfer rate: ≈ 3 ms.
• Computer integration time: unknown.
(b) tsg and t
r
g have to start at the same time. If this condition is not satisfied,
the detector will cut or ignore part of the message, resulting in an
erroneous measurement. Since the DMD and the detector both work
in continuous mode, this condition can not be satisfied. Therefore, we
had to design a message/measurement protocol to eliminate errors from
the lack of sender-receiver synchronization.
4.2 Calibration
Additional to the above conditions, the measurements are exposed to er-
rors due to experimental imperfections, mechanical vibrations, phase and
intensity fluctuations, background illumination, and detector sensitivity (see
Fig. 6). We employ two reference message comparisons to incorporate all
those factors into the system calibration for each experimental iteration.
One comparison corresponding to 100% overlap and another to 0%. The
former sets the maximum detected power, whereas the latter sets the min-
imum. Therefore, we calibrate the system using the power measurement of
both references.
4.3 Message and measurement protocol
Our message/measurement protocol has the following steps:
1. Determine the average-time-gap of the receiver. In our case trg =
5.32 ms.
2. Consider tsg = t
r
g and determine the number of time bins N according
to the frame rate of the DMD. Therefore, tsg = N · ∆T , where ∆T
15
Figure 7: An exemplary message with N = 10 bits is sent three times in se-
quence. The time-gaps of the receiver matches the criterion tsg = t
r
g, however
tsg and t
r
g are misaligned. Nevertheless, the middle peak in red will always
account for one complete message comparison, while its two neighbours in
blue might contain part of the pause-signal as here in this schematic the first
blue data-point.
Figure 8: Measurement-design protocol. Signal of 60% and 70% overlap
messages with references and pauses.
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corresponds to the exposing time of the holograms (equivalent to the
duration of each time bin).
3. Alice and Bob send their message 3 times in sequence without pause.
Since the SMP protocol does not require to compare the messages in
sequential order, by employing this strategy the second measurement
represents one complete message comparison, as illustrated in Fig. 7.
4. Include a 100% overlap hologram A1 = B1 before and a 0% overlap
hologram A1 = −B1 behind each actual message, both separated from
the message string by 3 time gaps, i.e., 3trg. The reference holograms
are also displayed for the time of three time-gaps.
5. The message-comparison data-point is then locally normalized regard-
ing the two reference peaks Ref1 and Ref2. The normalized power Pn
is given by
Pn =
Middle Data Point−Min(Ref1,Ref2)
|Ref1− Ref2| . (18)
The Min(·) function is crucial in order to work for both of the power-
meters as one has its maximum for 0% overlap while the other has its
maximum for 100% overlap.
6. From the normalized power in the x-polarization P xn (which satisfies
P xn = 1 for 100% overlap) one can then calculate the overlap in per-
centage [%], i.e., Overlap[%] = Pn · 100.
Figure 8 shows a schematic of a final measurement-design including two
SMP protocols with different percentages of overlap between the messages
sent by Alice and Bob: in the first one, Alice and Bob send two messages
which have a 60% overlap and in the second one they send messages with
70% overlap. The dots represent the data-points.
Once the measurement protocol is designed (consisting of the bit-strings
representing Alice’s and Bob’s messages, the 100% and 0% references and
the pauses), it is then saved as txt-file and loaded to the DMD software. For
the experiment, the protocol was put into a loop. Thus the last pause of the
protocol had to be longer in order to separate the measurement loops. The
analysis algorithm finds the loops where the time-gap of the sender equals
the time-gap of the receiver for all data-points within this loop, i.e., tsg ≈
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trg ∀ data-points. It allows for max two misaligned time-gaps per loop and
discards all other measurement loops where the alignment between receiver
and sender is not given. As trg varies a lot, the shorter the measurement
protocol the higher the chance that tsg ≈ trg ∀ data-points. This is the reason
why we decided to send maximal two different messages-overlap strings with
references per measurement-protocol.
To give an idea of how the analysis works, here an explanation taking
the case shown in Fig. 8. The protocol contains two different bit-strings
representing the case of 60% and 70% overlap between the messages of Alice
and Bob, respectively. Each is sent with reference peaks, and each peak is
divided by a 3trg-long pauses. Thus, one complete protocol will lead to 6
peaks and 5 pauses of which each results in 3 data-points. The algorithm
first check, whether there are 6 peaks, then if there are 11 · 3 = 33 data-
points and in order to check that tsg ≈ trg ∀ data-points it will check whether
6 · 3 ± 1 = 10 ± 1 data-points are higher than a defined minimum value
and 5 × 3 ± 1 = 15 ± 1 are lower. Only if all these criteria are met, the
measurement loop is considered. Measurement loops that do not meet the
conditions are neglected.
5 Results
Figure 9 presents the final results of the SMP protocol of two 40-bit messages
sent in time-bins for 0%, 10%, 20%,. . ., 100% overlap, respectively. The
receiver time-gap (the referee) was defined to be trg = 5.32 ms. Therefore,
one hologram was exposed for 5320µs/40 = 133µs, which corresponds to a
beam modulation rate of 7.52 kHz. Each separate measurement contained
maximal two different message passing protocols, e.g., 80% and 90% overlap
with references.
In order to gather sufficient data to analyze the statistic of our exper-
iment, the measurement protocol is put into a loop and measured for one
minute. This is done for 0% to 100% overlap of the messages with 10%
steps. All data points are normalized regarding their references, and the
average is calculated from the normalized values as well as their standard
deviations.
Figure 9(a) plots the raw data for the 80% and 90% overlap protocol
measurement put into a loop for one minute. Figure 9(b) shows one loop
which matched the conditions given in section 4A, thus where the sending
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Figure 9: Final results of the SMP protocol. (a)-(e) give some insight into
the analysis for a 80% and 90% overlap SMP protocol measurement. (f)
presents the joined data for all 0%-100% overlap measurements. The data
are analyzed and plotted using a custom Python script. See section 5 for
more details.
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time-gap tsg overlapped with the receiver time-gap t
r
g. The peaks are marked
with an orange ”x”. Alternatively, Figs. 9(c) and (d) show the same loop as
a line-plot, and as a dotted plot, respectively, now visualizing the analysis
algorithm explained in section 4C. In the line-plot, the reference data-points
are marked with grey and light grey ”x”, while the data-point for the 80%-
overlap and the 90%-overlap data-point are green and red, respectively. In
the dotted plot, we can see the signal design equivalent to Fig. 8 (for guidance,
we use similar colors for the markers).
In Fig. 9(e), the calculated average of the normalized powers for the
first 60 measurement loops, which matched the criteria, is plotted with its
standard deviation for 80% and 90% overlap. Also, the theoretical line is
plotted and shows that the experimental data corresponds to the theoretical
expectations.
Finally, Fig. 9(f) plots the normalized power average with standard devia-
tion for all 0%-100% overlap measurements. This final result clearly demon-
strates that we can successfully determine the similarity of two messages
without unveiling the actual messages with up to 10% exactness using opti-
cal vortices.
6 Discussion and conclusions
It is worth mentioning that our system has an important symmetry regard-
ing the OAM channels: one channel contains only OAM modes with positive
m indexes, while the other channel contains negative modes. Due to this
symmetry with respect to the sign of m, we can also implement the c-SWAP
operation with the help of a controlled-NOT (c-NOT) gate. However, note
that the c-NOT operation aims at reversing channels, not at exchanging infor-
mation. If the sign of m represented information, we would be implementing
a polarization-controlled NOT operation [32]. One could have chosen two
channels where m1 6= −m2. In this case, the c-SWAP operation would have
to be implemented in a different way.
In summary, we proved the overlap of two 40-bit messages encoded in the
complex amplitude of LG modes of order m± 1 within one single acquisition
cycle and one data-point, only up to a resolution of 10% overlap, without
revealing the content of the messages. We have demonstrated an SMP pro-
tocol by implementing a SWAP test using optical vortices. Of course, there
is room for improvement. The message capacity can be increased using more
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OAM channels, using more time-bins (employing a faster DMD), or incorpo-
rating multilevel digits (instead of bits). This work takes part in the efforts
to incorporate the opportunities offered by optical vortices into a reliable
communication system.
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